The Agricultural Research Service of the U.S. Department of Agriculture conducts research on agricultural products and co-products where wool is a co-product of the American lamb industry. The ARS process, an alternative to conventional peroxide for bleaching and chlorination for shrinkproofing wool, was applied to bleach and control the dimensions of wool, wool/cotton, cotton, and viscose rayon fabrics. Conventional processes for bleaching and shrinkage control have limited economy due to high temperatures and long exposures, and their ecological acceptance is marginal. The ARS process is chemo-enzymatic with bleaching followed by biopolishing with shrinkproofing, both steps being applied at near-room-temperature conditions for 30-40 minutes to reach high levels of whiteness, softness, and dimensional stability. The novelty of the process involves the in situ formation of a hyper-peroxide bleach to achieve high whiteness with subsequent enzyme processing from a fresh bath to selectively treat only the surface scales of wool without damage to the inner cortex of the fiber. The Whiteness Index (WI) of wool and wool/cotton improved 63%-72% after bleaching alone and another $2% increase after enzyme treatment; area shrinkage was less than 2%. The WI of cotton print cloth improved 60.5% by ARS bleaching compared to 64% by conventional bleaching. The process limited shrinkage of cotton knit to 4% and to less than 2% for cotton and viscose woven fabrics. The mechanical properties of all treated fabrics were retained. In a separate study, the process was applied at high concentration to convert wool jersey into parchmentized jersey with permanent stiffness and 45.5% increase in sheerness, as determined digital image analysis. ARS novel bleaching is a sustainable, facile, effective process for low-temperature bleaching with low energy consumption and low environmental impact. Wool jersey with sheerness, stiffness, and strength retention can be fabricated by treatment with highly concentrated ARS hyper-peroxide bleach.
Bleaching and shrinkage control are fundamental processes in textile wet processing. Conventional bleaching with hydrogen peroxide is effective when applied at the boil under alkaline conditions after wool is carbonized with acid to remove up to 40% by weight vegetation and after scouring to remove grease, suint, and dirt. 1 Typically wool is bleached with 35% hydrogen peroxide in the amount necessary to achieve a specified whiteness level, at 40-60 C, for 1-8 hours, pH 7.5-8.5, with stabilizer and wetting agent. 2 Cotton bleaching typically involves the use of active peroxide species, HOO -, from the decomposition of hydrogen peroxide at high pH, with stabilizer to control peroxide decomposition and rate of bleaching when applied at 88-93 C for 1-2 hours. 3 Impurities of up to 12% by weight include protein (1.0%-1.9%), wax (0.4%-1.2%), ash (0.7%-1.6%), pectin (0.4%-1.2%), associated pigments, and hemicelluloses, which can be removed by applying, typically, 4% by weight of fiber (owf) hydrogen peroxide in boiling alkali medium. 4 Oxidants in alkali can provide high levels of whiteness. Alternatively, bleaching systems based upon biological systems of cellulolytic and proteolytic enzymes are less energy and water consuming and provide effective cleansing and whitening with relatively less damage. To control the dimensional stability of cotton, glyoxal cross-linking resins were applied in durable-press finishing. Rayon fibers, produced with small amounts of impurities, were scoured with soap in mild alkali at 70-90 C, with or without combined bleaching with hydrogen peroxide, caustic soda, sodium silicate, and detergent. However alkaline peroxide bleaching of viscose rayon for one hour at 88 C in the presence of sodium silicate can drastically reduce average molecular weight, leading to strength loss. 3, 5 The high wet swelling of rayon was controlled by compressive shrinkage to close yarn spaces within the fabric. Although this treatment was not completely effective, shrinkage was reduced from 13% to 8%. Alternatively, methylol treatments of 14%-20% owf formaldehyde were applied to control the dimensional stability of cotton and rayon. 6, 7 Cross-linking agents, such as dimethyloldihydroxy-ethyleneurea (DMDHEU), polyacrylate, and polyurethane prepolymers have been applied to control the dimensions of wool/cotton blends. 8 
Background
The competitiveness of wool is sustained by solid demand for natural fibers to meet consumer ethical and environmental preferences. Wool provides warmth, resiliency, superior flame resistance, and less hazardous burning behavior compared to synthetic fibers, ease of dyeing and high functionality for chemical modification, and enzyme-mediated reactivity. Increase in market share for wool can be gained by solving the problem of poor dimensional stability. The composition and morphology of the fiber surface are intrinsically associated with poor dimensional stability caused by interlocking of the fibers' surface scales by the mechanical action of agitation of wool in the wet state. Numerous commercial processes have been applied to loose stock, tops, piece goods, and garments to provide machine-washable wool. Treatment to a high level of dimensional stability (Superwash wool) involved continuous application of resin. The original chlorine/ Hercosett Process, developed in the early 1960s, utilized oxidation with free chlorine and hypochlorous acid to create anionic surface charge on the fibers for subsequent reactivity with cationic polyamide epichlorhydrin water-soluble resin, PAE, (commonly, Hercosett 125 Õ , Hercules). 9 Antichlorination with carbonates, sulfite, or sulfate was necessary to prevent contamination of the resin bath and cationic or non-ionic softeners were applied to provide aesthetically pleasing handle.
The oxidation of disulfide groups in the cuticle to sulfonic acid groups was recognized as the most important reaction in the reduction of shrinkage in wool. Sulfoxide oxidation products were formed from the progressive sulfitolysis conversion of wool to sulfoxides: cysteinesulfenic acid (monoxide) to cysteinsulfinic acid (dioxide) to the final product containing two S-sulfonate anions, cysteic acid (sulfonate and Bunte salt). Dichloroisocyanurate (DCCA) was one of the oldest chlorination reagents used to control shrinkage in wool. An oxidation step was sometimes followed by a second reductive step in which a nucleophilic reducing agent, such as sodium sulfite, was used. [10] [11] [12] [13] Under acidic conditions, DCCA generates controlled release of chlorine. Applying DCCA chlorination with resin improved the conventional chlorination process.
14 A known DCCA formulation, Basolan DC Õ (BASF) was found effective for limiting shrinkage to 8%. 15 Cardamone and Yao 16 investigated DCCA shrinkproofing of wool and the importance of subsequent antichlorination to document changes in fiber morphology and fabric properties and to provide information for the design of alternative systems to chlorination to control shrinkage. The formation of bleaching constituent, hypochlorous acid from DCCA is shown in Figure 1 .
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DCCA was effective for shrinkage control; however, fabric whiteness decreased with concomitant development of yellowness and harsh fabric handle. Cardamone and Yao 18 modified the DCCA process with a two-step process involving additions of DCCA with gluconic acid (GA) and hydrogen peroxide (H 2 O 2 ) with GA. GA was found to moderate the harsh-handle effects of DCCA and H 2 O 2 while maintaining whiteness and improving the surface properties of the fabrics.
Subsequently, Cardamone et al. 19 developed the ARS process for bleaching wool with dicyandiamide (DD)-activated, alkaline H 2 O 2, stabilized with GA, with a non-ionic surfactant additive for selective treatment of the surface of wool. The bleaching step was followed by enzyme treatment to effectively erode surface scales for a biopolished finish. The process was effective for attaining high Whiteness Index (WI) after bleaching at 30 C (85 F) within 30 minutes, pH 11, as an alternative to conventional alkaline H 2 O 2 bleaching requiring 60-90 C for bleaching with a duration of up to one hour. According to the process, subsequently protease enzyme was applied from a fresh bath buffered with to pH 8-9 and applied at 45 C (113 F) for 40 minutes. 20 The reaction of DD, (I), to form the highly reactive hyperperoxy acid of DD, (II), is shown in Figures 2 and 3 .
DD is a dimerization product of cyanamide. Both DD and cyanamide are known to be activators for hydrogen peroxide. 21 Hydrogen peroxide, a powerful nucleophile in anionic form when converted to hydroperoxide, will react with suitable alkyl compounds, such as DD. The cyano group, -NH-CN, acts as the electronegative leaving group and the R+ moiety acts to stabilize the positive charge at the carbon atom. DD can readily undergo a wide variety of addition reactions with nucleophiles in aqueous solutions and its tautomeric carbodiimide structure, HN¼ C-(NH 2 )N¼C¼NH, has been evoked to explain its high chemical reactivity. Furthermore, it has been suggested that the peroxycarboximidic intermediate in Figure 2 , formed in situ, is more reactive than hydrogen peroxide. [20] [21] [22] [23] [24] In place of organic builders, such as citrates, silicates, and borates, the potassium salt of gluconic acid (K-GA) was used to stabilize the powerful oxidant, peroxycarboximidic, the peroxygen bleach of DD. 21, 25 We proposed that the reaction between peroxycarboximidic acid and cyanamide led to the formation of guanyl urea ( Figure 3 ). The reaction pathway proceeded according to alkaline hydrolysis of cyanamide to form urea with the concomitant release of residual ammonia and carbon dioxide, leading to the combination of urea with guanidine from peroxycarboximidic acid to form guanyl urea. 21, 26 After ARS bleaching with DD, the second step of treatment with serine protease in an alkali medium, with a reducing agent, was found to control felting shrinkage of all-wool fabrics when applied at pH 8-9, 45 C (113 F) for 40 minutes. 27, 28 Serine protease removed the wool's hydrophobic layer, while selectively smoothing the surface scales of wool to achieve shrinkage control. The bleaching step of alkaline peroxide/GA/DD pretreatment, followed by the protease enzyme, buffered with triethanolamine (TEA) to pH 8 and assisted with sodium sulfite for effective use of the enzyme. Triton X-114 (Sigma-Aldrich), a non-ionic surfactant, with a low cloud point (23 C), provided protection from solution penetration into the inner layers of the fiber.
The catalytic mechanism for serine protease, a subtilisin enzyme, involved the enzyme's active sites of the amino acids -histidine, serine, and aspartic acid -as a catalytic triad and generated the transition states and intermediate products that lead to recovery of the enzyme in Figure 4 .
The objective of this study was to further investigate the effects of isolated ARS bleaching and shrinkproofing on the fiber appearance, structure, and physical/ mechanical properties of wool, cotton, rayon, and wool/cotton blend fabrics of woven and knit constructions and to compare the effectiveness of ARS bleaching with conventional alkaline peroxide bleaching of cotton fabric. 29 
Materials and methods

ARS process applications
Wool, wool blend, cotton, and viscose fabrics (Testfabrics (TF), Inc., West Pittston, PA) were treated by the ARS process and evaluated by scanning electron microscopy and mechanical testing. C in an Atlas LP2 Launder-Ometer and Lab Dyeing System. Bleaching pretreatment was carried out at pH 11.5 for 30 minutes at 30 C. Treatment baths contained 1 g/l Triton X-114, 3 g/l NaOH, 1 g/l GA, 3 g/l DD, and 12 g/l H 2 O 2 (50%w/w). After pretreatment, the fabrics were rinsed to neutral pH. Subsequent enzyme treatment was carried out at 40 C, in fresh baths, pH 8-9, containing 1.5 g/l TEA, 1 g/l Triton X-114, 1.5% owf Na 2 SO 3 , and 1.5% owf Esperase 8.0L TM -(Novozymes, North America, Franklinton, NC). After treatment the enzyme was deactivated by raising the bath temperature to 80 C for a dwell time of 10 minutes. The samples were rinsed in cold water and air dried.
Parchmentized wool jersey fabric was prepared to demonstrate the facility of fabricating sheer wool jersey with the stiffness and transparency of voile, organdy, organza, and crinoline, without the application of finishes. Wool jersey (TF532) was treated with 7.2 g/l DD, 7.2 g/l NaOH, 2.4 g/l K-GA, 30 ml/l 50% H 2 O 2 , and 1.2 g/l Triton X-114 followed by the ARS enzyme treatment. The concept of parchmentizing wool is not new. Parchment wool was used in ancient Pergamon as a new writing medium to replace papyrus. Parchment wool sheets were the sewn pages used in the first books and documents of classical antiquity as inspired from the practice of liming sheepskin for making parchment and vellum that persisted into the Middle Ages. In modern use, parchmentized wool fabrics can provide permanent shape retention.
Property measurements Dimensional stability
The treated fabrics were evaluated according to American Association of Textile Chemists and Colorists (AATCC) Test Method 135-1992, Dimensional Changes in Automatic Home Laundering of Woven and Knit Fabrics, using a Whirlpool washing machine set to delicate wash with low agitation and warm water with Woolite Õ fabric wash. The washed fabrics were machine tumble dried with low heat. After 5 wash/5 tumble-dry cycles, the fabrics were conditioned at 70 F, 51% relative humidity (RH). After relaxation shrinkage, area shrinkage, as a percentage, was found according to the equation: [(Aa -Aw)/Aa] Â 100 where Aw is Area after 5 wash/5 dry cycles.
Whiteness, yellowness
The WIs and YIs of the fabric samples were measured using the color-insights Õ QC Manager system (BYKGardner, Inc., Silver Spring, MD) according to ASTM E313, Indexes of Whiteness and Yellowness of NearWhite, Opaque Materials. The average of eight readings for each sample was reported.
Mechanical properties
All samples were conditioned overnight at 71 F and 51% RH before measurement. The strengths of woven fabrics were measured according to ASTM D1682-64, Breaking Load and Elongation of Textile Fabrics, Method 17.1, Raveled Strip, on an Instron Model 1122 Analyzer using a 50-pound load capacity, 2.54 cm gauge length, and crosshead speed moving at 300 mm/sec. A 1 inches Â 5 inches raveled strip and gage length at 5 inches were used, utilizing a 1000 N load cell traveling at a 100 mm/min rate of extension. The bursting strengths of knit fabrics were measured on the Bursting Strength Tester (SDL International P1000 M229B), based on hydrolytic pressure, and results were reported as pounds per square inch (psi) according to ASTM D3787-89, Bursting Strength of Knitted Goods -Constant Rate-of-Traverse (CRT) Ball Burst Test.
Scanning electron microscopy
Wool, cotton, and viscose fabrics were documented by scanning electron micrographs, shown in Figure 5 . Images were captured for treated and untreated fabrics (AR, as received; B, treated with water alone and subjected to the same mechanical conditions as the treated fabrics; S1, first step of bleaching, alone; and S2, full ARS process involving the first step of bleaching followed by the second step of enzyme treatment).
Untreated wool fiber (AR, a) when compared to the fiber after ARS full treatment (S2, b) appeared to be eroded of scales without damage to the interior of the fiber, indicating that the treatment was effective for shrinkproofing wool. The cotton fibers (AR, c) appeared swollen, and without convolutions after the bleaching step alone (S1, d). Untreated rayon (AR, e) retained the original physical appearance as after the bleaching step, yet striations appeared to be less prominent (S1, f). All treated fibers appeared to have maintained structural integrity.
Physical property testing
Relative comparisons of the physical properties of the untreated and treated fabrics were measured for whiteness, yellowness, and felting shrinkage, as shown in Table 1 .
Effectiveness of conventional and ARS bleaching
Cotton print cloth, six samples, 10 inches Â 11 inches, were treated in a conventional bleaching bath for one hour at 85-95 C with 4% H 2 O 2 (35%) by weight of fabric (owf), 20:1 liquor ratio, with 2%-3% owf sodium silicate. 3 The fabrics were rinsed and air dried and measured in CIE 1976 (L*, a*, b*) color space (CIELAB), with the dimensions of L* for lightness and WI (ASTM E-313) and YI (ASTM D-1925 on the Color Machine spectrophotometer (BYK GARDNER) with 360 circumferential illumination by a quartz halogen lamp (CIE Source C illuminant, CIE Standard 2 observer) at a 45 C angle from the sample's normal direction, with sample viewing at 0 . ARS bleaching in step 1 (S1) was compared to conventional bleaching (conventional 1 hr), and to the full ARS process for bleaching alone (S1) and bleaching followed by enzyme treatment (S2), shown in Figure  6 . Note that when ARS bleaching was extended from 30 minutes to one hour in sample 'S1, 1 hr', there was no apparent improvement in the WI.
Mechanical property testing: stress/strain behavior
Each woven fabric type -TF 266 viscose challis, TF400U, cotton print cloth, TF4505 union cloth with wool warp/cotton weft, and TF530NC wool challis -contained 18 strips cut to 1.5 inches wide and 7 inches long. Relative comparisons of the mechanical properties of the treated woven fabrics as Figure 5 . Scanning electron micrographs of untreated and treated wool, cotton, and viscose fibers.
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received (AR), blank samples treated by mechanical action and solution without process chemicals (B), treatment by bleaching in step 1 (S1), and full treatment with bleaching followed by enzyme (S2) were made for energy of rupture, elongation, break load, and modulus for fabrics according to American Society for Testing and Materials (ASTM) D1682-64 Breaking Load and Elongation of Woven Fabrics; the results for worsted wool challis, wool/cotton union cloth (applied stress in the wool warp direction), cotton print cloth, and viscose are shown in Table 2 . 
Knit fabrics: burst strength behavior
Knit fabrics, wool jersey knit, parchment wool jersey knit, and cotton interlock knit were evaluated for burst strength, as shown in Figure 7 .
Digital image analysis Parchment wool
An image-processing system configured with Image Pro Plus Version 6.0 and a charge-coupled device (CCD) camera for image capture, manipulation, and computation was used to determine the relative Table 2 . Physical property evaluation. Mechanical properties of woven fabrics; worsted wool challis, wool/cotton union cloth (applied stress in the wool warp direction), cotton print cloth, and viscose rayon; as received (AR), blank (B), ARS bleaching step alone (S1), and ARS full processing with bleach and enzyme (S2) sheerness of unmodified wool jersey fabric, AR, shown in Figure 8 (a), and parchment wool jersey fabric, S2, shown in Figure 8 (b). Analog images were captured on a copy stand equipped with a light box containing serpentine overhead lighting, by a CCD-IRIS/RG B color video camera (Sony) and converted into digital 8-bit, gray-scale images of 640 Â 480 pixel spatial resolution. Fabric openness (%) was determined from pixel segmentation based on each fabric's histogram. Fabric sheerness was determined from the number of pixels representing yarn interstices, with reference to the fabric's total number of pixels. The computed sheerness of untreated wool fabric was 18% for untreated wool fabric and 33% for parchment wool. The utility of the image analysis system was reported by Cardamone et al.
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Conclusion
Improving the brightness, comfort, and dimensional stability of textiles has been a topic of research leading to the design of processing systems utilizing oxidizing agents, resin applications, and enzyme applications. Current interests in developing new textile technologies center on environmentally friendly processes free of polluting chemical agents with the emphasis on sustainability, that is, processing at lower temperatures with shorter time intervals is considered environmentally economical. Conventional chlorination for shrinkproofing wool is highly effective, but the generation of adsorbable organic halides (AOXs) is ecologically unsound. The application of enzyme technology for controlling wool shrinkage is of paramount interest. In general the isolated use of these treatments has met with limited acceptance. The ARS process utilizing oxidative/enzymatic treatments was designed to meet the needs of the United States military for itch-free, machine-washable underwear made of domestic wool. The process does not utilize dichloroisocyanuric acid, chloroamines, peroxymonosulfuric acid, monoperoxyphthalic acid, permanganate, chlorine gas, sodium hypochlorite, or aminoplast resins. It proved effective for whitening and limiting the shrinkage of wool, cotton, and synthetic fibers. The process was selective for removing wool's hydrophobic layer and formed an anionic surface charge while causing scale smoothing to achieve shrinkage control. This novel method bleached, biopolished, and shrinkproofed wool with the formation of in situ hyper-peroxide formed from DD in alkaline H 2 O 2 medium as a bleaching step with subsequent application of protease from a fresh bath.
Wool jersey, wool challis, and wool/cotton union cloth samples (50% wool/50% cotton) were treated by this process. Cotton print cloth, cotton interlock knit, and viscose rayon were treated by ARS bleaching alone, as well as by the full treatment. Scanning electron micrographs showed the complete digestion of the surface scales of wool, roundness of fiber with fewer convolutions for cotton, and diminution of rayon's striations. We speculate that these morphology changes resulted from exposure to the highly exothermic reaction of in situ hyper-peroxide formation in the bleach bath and that these changes contributed to low shrinkage by closing yarn interstices within the fabrics.
Bleaching with peroxycarboximidic acid increased the WI of wool jersey, wool challis, and wool/cotton union cloth by over 70%, cotton print cloth and cotton interlock by over 60%, and rayon by 18.9%. Conventional alkaline peroxide increased the WI by 64% and ARS bleaching by 61%. Weight loss of woven wool fabrics after ARS full processing was 3%-4% with no strength loss, and for knit fabrics, it was not higher than 5.3%. Parchmentized wool lost 12.3% fabric weight to form a strong, semi-transparent fabric without embrittlement. Shrinkage was controlled to 2% or less for all fabrics.
Achieving low shrinkage with the preservation of mechanical properties was the outcome of ARS bleaching under the controlled reaction conditions of applying GA with DD in alkaline hydrogen peroxide solution.
There is reasonable expectation that residual peroxide from the bleach bath, constituted as 1DD : 5H 2 O 2, can be used for further bleaching provided the bath is regenerated to its original concentration.
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The ARS process utilizes common chemicals and enzyme. It is sustainable in terms of time and energy for use as an alternative to the conventional bleaching of wool, cotton, wool/cotton, and rayon.
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